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Introduction
There has been an extensive quantity of research investigating cerebral blood flow (CBF) control during alterations in cerebral metabolism, mean arterial pressure (MAP; e.g. hypo-and hypertension), partial pressure of end-tidal gases [e.g. oxygen (P ET,O 2 ) and carbon dioxide (P ET,CO 2 )] and autonomic nervous activity (reviewed by Faraci & Heistad, 1990; Paulson et al. 1990; Willie et al. 2014) . The cold pressor test (CPT) is a commonly used experimental protocol to assess CBF regulation during a substantial increase in both MAP and global sympathetic nervous activity (SNA; Fagius et al. 1989; Cui et al. 2002) , and the test involves submerging a limb (e.g. hand or foot) into a bucket of ice water (typically in between 0 and 4°C). High blood pressure and long-term increases in SNA have been associated with increased risk of stroke (Britton & Carlsson, 1990; Johansson, 1999) . In addition, recent evidence suggests that short-term blood pressure variability may predict outcome in acute stroke (Manning et al. 2015) . Given that the CPT involves a substantial, yet transient increase in MAP and SNA, clarifying the mechanisms of CBF control during the CPT is important for a more clear understanding of cerebrovascular disease.
The CPT also has clinical value, as the coronary artery vasomotor response to the CPT is predictive of current cardiovascular health risk (Rubenfire et al. 2000) and has been shown to be predictive of future cardiovascular events, such as cardiac death, myocardial infarction and stroke (Schächinger et al. 2000; Nitenberg et al. 2004a,b) . The primary caveat with measuring the coronary artery vasomotor response to the CPT is that it is difficult to image using ultrasound. However, it has been demonstrated that the common carotid artery (CCA) responds in a similar fashion to the CPT; therefore, the CCA vasomotor response to the CPT also has clinical value (Rubenfire et al. 2000) . In response to the CPT, the CCA dilates in young healthy participants, but on the contrary, in older participants with signs of cardiovascular disease (e.g. atherosclerosis), the common carotid artery vasoconstricts (Rubenfire et al. 2000) . However, the underpinning mechanism(s) responsible for the observed differential response in the CCA during the CPT between healthy and unhealthy individuals remains unclear.
In response to cold stimuli, hyperventilation has been observed in some CPT studies (Wirch et al. 2006; Solaiman et al. 2014; Perry et al. 2016) , which was probably associated with the high degrees of pain some individuals experience in the submerged limb (Duranti et al. 1991; Di Piero et al. 1994; Zvan et al. 1998; Perry et al. 2016) . Even modest changes in alveolar ventilation can significantly alter P ET,CO 2 . For instance, assuming an unchanged tissue metabolism, a doubling of alveolar ventilation can lead to a 50% reduction in P ET,CO 2 . The brain is remarkably sensitive to even small changes in P ET,CO 2 (Kety & Schmidt, 1948) , such that for a 1 mmHg increase or decrease in P ET,CO 2 , CBF increases and decreases by 3-6 and 1-3%, respectively (Sato et al. 2012; Willie et al. 2012; Skow et al. 2013) ; however, whether hyperventilation-related reduction in P ET,CO 2 alters the CBF response to a CPT remains unclear. A recent study investigated the effects of hydration status on the middle cerebral artery mean blood velocity (MCAv) response to CPT and found that MCAv increased during CPT, but this response was attenuated in dehydrated individuals (Perry et al. 2016) . The authors speculated that their results were attributed to a hyperventilation-related reduction in P ET,CO 2 , probably because of an elevated pain response in the dehydrated individuals (Perry et al. 2016) . However, their assessment of CBF was only done in the middle cerebral artery (MCA) using transcranial Doppler ultrasound (TCD) and P ET,CO 2 was not controlled, and emerging evidence suggests that TCD may not be a valid measurement of CBF during increased MAP and SNA (Verbree et al. 2016) .
Similar to the findings by Perry et al. (2016) , CBF increases in most (Thomsen et al. 1995; Zvan et al. 1998; Panerai et al. 2001) , but not all studies (Micieli et al. 1994) . Unfortunately, however, the cerebrovascular response to the CPT has been primarily limited to the MCA using TCD (Thomsen et al. 1995; Zvan et al. 1998; Hartwich et al. 2010; Perry et al. 2016) , which is an index of cerebral blood velocity, not flow (Willie et al. 2011) . Nevertheless, there have been a few studies that measured blood flow in the CCA (Rubenfire et al. 2000; Treiber et al. 2003; Liu et al. 2011) ; however, the CCA is a poor representative of CBF because it branches off into the internal carotid artery (ICA), contributing ß70% of global CBF, and into the external carotid artery, which supplies blood to facial tissue (Willie et al. 2011) . Interestingly, despite increased SNA during a CPT (Fagius et al. 1989; Cui et al. 2002) , which evokes a large peripheral vasoconstrictor response, the CCA increases in diameter (Rubenfire et al. 2000; Treiber et al. 2003; Liu et al. 2011) . Potentially, the simultaneous increase in CCA diameter and MAP during a CPT increases CBF, but it is likely that downstream cerebrovascular resistance vessels are active in order to regulate CBF. The regions of CBF control during a CPT are currently unknown, but there is strong evidence that the large extracranial arteries (e.g. ICA) are active in CBF control (Faraci & Heistad, 1990; Willie et al. 2012; Lewis et al. 2015; Warnert et al. 2016) .
The purpose of the present study was to investigate the role of carbon dioxide in the cerebral blood flow response to the cold pressor test in the common carotid artery, internal carotid artery and middle cerebral artery. Our hypotheses were as follows: (i) the cold pressor test will elicit an increase in ventilation, effectively lowering end-tidal carbon dioxide; (ii) the cerebral blood flow response will be greater during an isocapnic (controlled end-tidal carbon dioxide) compared with a poikilocapnic (uncontrolled end-tidal carbon dioxide) cold pressor test; and (iii) in response to the cold pressor test, the common carotid artery will dilate, whereas the internal carotid artery will constrict. The implications of better understanding of these questions will help to elucidate the fundamental mechanisms of cerebral blood flow control in humans during changes in blood pressure and sympathetic nervous activity and, in doing so, improve the potential utility of the cold pressor test as a clinical tool to quantify cardiovascular health.
Methods

Ethical approval
All experimental procedures and protocols were approved by the clinical research ethics board (CREB) at the University of British Columbia (CREB ID: H16-00547) and conformed to the standards set by the Declaration of Helsinki, except for registration in a database. All participants provided written informed consent before participation in this study.
Participants
Recruited participants (n = 17; seven women) were normotensive (systolic blood pressure <140 mmHg and diastolic blood pressure <90 mmHg) at rest, and completed a medical history questionnaire. The participants were non-smokers, had no previous history of cardiovascular, cerebrovascular or respiratory diseases. Participants were not on any current medication except for oral contraceptives (n = 3). Two female participants were excluded from data analyses because of failure to complete the protocol owing to intolerance to CPT-related pain.
Experimental protocol
Before each experiment, all participants abstained from exercise, alcohol and caffeine for ࣙ12 h. Additionally, participants were asked to consume a light meal at least 2 h before experimentation. All testing procedures were completed during one experimental visit that lasted ß2 h.
Participants were instructed to lie motionless in the supine position and breathe normally for 20 min to ensure that blood volume was equally distributed before experimentation (Goswami et al. 2008) . The participants underwent either an isocapnic CPT or a poikilocapnic CPT in a counterbalanced and randomized fashion, separated by 45 min. After the participant was instrumented, the protocol began with a 5 min resting baseline period. Immediately after baseline, the participant's right foot was gently positioned, and submerged up to the inferior portion of the gastrocnemius muscle into a large bucket containing ice water for 3 min (temperature 0-1°C). After the CPT was complete, the participant's foot was removed from the bucket, and the protocol was terminated. Reasons for choosing the present CPT protocol were as follows: (i) having the participant in the supine position and placing the foot in the water, rather than a different limb, such as the hand, reduced the possibility of upper body movement, which could reduce ultrasound image quality; and (ii) a 3 min, 0-1°C CPT was determined from our pilot work to evoke the greatest physiological response to CPT.
Experimental measurements
Cardiovascular measurements. All continuously recorded cardiovascular measurements were acquired at 1000 Hz using an analog-to-digital converter (Powerlab/ 16SP ML 880; ADInstruments, Colorado Springs, CO, USA) interfaced with a personal computer. Commercially available software was used to analyse cardiovascular variables (LabChart V7.1; ADInstruments). Electrocardiogram electrodes were placed in lead II configuration (Bioamp, ML132; ADInstruments) to measure heart rate. Beat-by-beat arterial pressure, cardiac output (CO) and stroke volume (SV) were measured by finger photoplethysmography (Finometer Pro; Finapres Medical Systems, Amsterdam, The Netherlands). Before baseline data collection, the Finometer was calibrated using the return-to-flow function. Mean, systolic and diastolic arterial pressures were quantified from the raw Finometer recordings.
Dynamic end-tidal forcing. The P ET,CO 2 and P ET,O 2 were controlled by a portable dynamic end-tidal forcing system as previously described in detail elsewhere (Tymko et al. 2015 (Tymko et al. , 2016 . This system has been validated (against arterial blood gases) and used to control end-tidal gases during several different physiological stressors (Tymko et al. 2015 (Tymko et al. , 2016 . The P ET,CO 2 was controlled at 1 mmHg higher compared with the resting baseline (isocapnia).
Intracranial blood flow. Unilateral TCD was used to measure the intracranial CBF velocity within the right MCA (MCAv) using previously described search techniques (Willie et al. 2011; PMD150B; M. M. Tymko and others Spencer Technologies, Redmond, WA, USA). The same experienced sonographer (M.M.T.) insonated the right MCA for all subjects, and the average MCA depth was 53.7 ± 3.3 mm. Mean MCAv was calculated from the peak velocity envelope trace.
Extracranial blood flow. Simultaneous B-mode and Doppler ultrasonography were performed to assess continuous diameter and blood flow velocity recordings of the right ICA and left CCA using a 10 MHz linear array probe attached to a high-resolution ultrasound machine (Terason t3200; Teratech, Burlington, MA, USA). The same experienced sonographer insonated the right ICA (M.M.T.) and left CCA (T.P.K.) for all participants. Extracranial blood flow velocity and vessel diameter were measured ࣙ2 cm from the carotid bifurcation, while ensuring there was no evidence of turbulent or retrograde flow. In addition, the insonation angle remained unchanged at 60 deg throughout the entire protocol. Ultrasound recordings were screen captured and saved for offline analysis. Blood flow analyses of the ICA and CCA were performed using edge-detection software, which allows for the integration of synchronous diameter and velocity measurements to determine the mean beat-to-beat flow at 30 Hz independent of investigator bias (Woodman et al. 2001) . Mean blood flow was determined as half of the time-averaged maximal velocity multiplied by the cross-sectional luminal area for a minimum of 12 cardiac cycles (Thomas et al. 2015) . Anterograde, retrograde and mean shear rates were calculated as four times the peak blood velocity divided by vessel diameter, using our edge-detection software (Woodman et al. 2001 ). Mean shear rates were reported during the CPT.
Statistics
All statistical analyses were performed using SigmaStat V13 (Systat, Chicago, IL, USA) and reported as means ± SD. Statistical significance was set at P < 0.05. Respiratory, cardiovascular and cerebrovascular baseline data were averaged over a 1 min period immediately before the CPT. During the CPT, data were averaged in 30 s bins at times 30-60 (CPT1), 90-120 (CPT2) and 150-180 s (CPT3). For all statistical comparisons in Figs 1-5, a two-way repeated-measures ANOVA was used, and when significant F-ratios were detected, post hoc comparisons were made using the Bonferonni post hoc test for pairwise comparisons. For Figs 1-4, repeated-measures factors were protocol (isocapnic and poikilocapnic) and time (baseline, CPT1, CPT2 and CPT3). For Fig. 5 , repeated-measures factors were protocol (isocapnic and poikilocapnic) and time (CPT1, CPT2 and CPT3). Repeated-measures comparisons including the ICA had data for only 13 participants because only 13 ICA images were adequate. Differences in the relative physiological response to the isocapnic and poikilocapnic CPT between male and female participants were determined using a two-way ANOVA, with the two factors being sex (male and female) and time (CPT1, CPT2 and CPT3).
Results
Participants
The participants included in mean data analysis (n = 15; five women) had a mean ± SD age of 24.3 ± 3.8 years, height of 174.1 ± 7.7 cm, and weight of 68.5 ± 9.3 kg. The temperature of the ice slurry used for the CPT was 0.5 ± 0.2°C. Two participants were excluded for ICA analysis because of poor image quality (n = 13). Figure 1 illustrates the respiratory data collected and analysed during the isocapnic and poikilocapnic CPT. During the isocapnic test, minute ventilation (V E ) and breathing frequency (f B ) were elevated compared with the poikilocapnic CPT (main effects, P = 0.033 and P = 0.001, respectively). Additionally, a main effect for time was present forV E , as CPT3 was elevated by 3.4 ± 5.9 l min −1 during the isocapnic trial and by 3.8 ± 5.9 l min −1 during the poikilocapnic trial, compared with baseline (P = 0.013). Although there was no difference in tidal volume (V T ) between isocapnic and poikilocapnic trials, a main effect for time was present, as CPT1 was elevated by 0.22 ± 0.46 l during the isocapnic trial and by 0.31 ± 0.45 l during the poikilocapnic trial, compared with baseline (P = 0.014). During the CPT, P ET,CO 2 was reduced during the poikilocapnic trial compared with the isocapnic trial (main effect, P = 0.009), and there was no change in P ET,CO 2 during the isocapnic trial (P = 1.00).
Effect of the cold pressor test on cardiovascular and respiratory variables
Figure 2 displays the cardiovascular data collected and analysed during the isocapnic and poikilocapnic CPT. No differences were observed in MAP, CO, heart rate (HR) and SV between isocapnic and poikilocapnic trials (main effects, P = 0.333, P = 0.225, P = 0.212 and P = 0.786, respectively). As expected, a main effect for time was present for MAP, as the average increase across all three time points in MAP was 16.5 ± 9.3 mmHg during the isocapnic trial and 17.6 ± 10.6 mmHg during the poikilocapnic trial, compared with baseline (P < 0.001). Cardiac output and HR were slightly elevated during CPT1 compared with baseline for both isocapnic and pokilocapnic trials (main effects, P = 0.003 and P < 0.001, respectively), but then returned to baseline values during CPT2 and CPT3. Stroke volume was not altered during the CPT for both isocapnic and poikilocapnic trials (main effect, P = 0.342). Figure 3 shows the CBF and cerebrovascular conductance (CVC) in the MCA, ICA and CCA during the isocapnic and poikilocapnic CPT. In the MCA, the average response across all three time points in cerebral blood velocity and CVC were 13.3 ± 16.5 and 15.6 ± 22.0% greater during the isocapnic CPT, compared with the poikilocapnic CPT (main effects, P < 0.001 and P = 0.005, respectively). The MCA CVC was reduced in both the isocapnic and poikilocapnic trials during the CPT compared with baseline (main effect, P < 0.001); however, this reduction was greater during the poikilocapnic trial compared with the isocapnic trial across all time points (P < 0.001). An interaction effect was detected with MCAv and MCA CVC, with these two variables being higher in the isocapnic trial compared with the poikilocapnic trial at CPT1 (P = 0.004 and P = 0.018, respectively), CPT2 (P < 0.001 and P = 0.001, respectively) and CPT3 (both P < 0.001).
Effect of the cold pressor test on intracranial and extracranial cerebral blood flow
In a similar manner to MCAv, averaged across all time points, ICA blood flow (Q ICA ) and ICA CVC were elevated by 17.8 ± 30.5 and 20.6 ± 36.3% during the isocapnic trial compared with the poikilocapnic trial (main effects, P = 0.047 and P = 0.049, respectively). An interaction effect was present whereQ ICA was trending upwards during the isocapnic trial, compared with the poikilocapnic trial whereQ ICA was trending downwards, during CPT2 (P = 0.018) and CPT3 (P = 0.009). Common carotid artery blood flow (Q CCA ) was not different between isocapnic and poikilocapnic protocols (main effect, P = 0.131); however, a main effect for time was present, withQ CCA being elevated at the end of CPT compared with baseline (main effect, P = 0.008). The CCA CVC was reduced during the CPT compared with baseline during both isocapnic and poikilocapnic trials (main effect, P < 0.001).
Extracranial cerebral artery diameter, velocity and shear in response to the cold pressor test Figure 4 illustrates the CCA and ICA diameter, velocity and mean shear rate response to the CPT during both isocapnic and poikilocapnic trials. In response to the CPT, CCA diameter increased compared with baseline (main effect, P < 0.001), and when averaged across all time points, this diameter increase was greater by 1.2 ± 2.6% during , tidal volume (V T ; C) and the partial pressure of end-tidal carbon dioxide (P ET,CO 2 ; D). * P < 0.05 versus baseline (BL). † P < 0.05, interaction effect between isocapnic and poikilocapnic cold pressor tests. Brackets between line plots indicate that a main effect (P < 0.05) was detected between isocapnic and poikilocapnic cold pressor tests.
the isocapnic trial compared with the poikilocapnic trial (main effect, P = 0.035). In contrast, there was a reduction in ICA diameter at CPT2 and CPT3 compared with baseline (main effect, P < 0.001); there was no difference between the isocapnic and poikilocapnic CPT trials (main effect, P = 0.498). Blood velocity in the CCA was reduced during CPT1 compared with baseline (P < 0.001), but returned to baseline values during CPT2 and CPT3 (both P = 1.00). Although a main effect was not detected for ICA velocity between the isocapnic and poikilocapnic trials (P = 0.056), an interaction was present within CPT2 and CPT3 between trials (P = 0.021 and P = 0.009, respectively).
Similar to the CCA velocity response, CCA mean shear rate was reduced during CPT1 compared with baseline (P < 0.001), but returned to baseline values at CPT2 and CPT3 (P = 0.187 and P = 1.00, respectively). In both the CCA and ICA, there was no difference in mean shear rate between isocapnic and poikilocapnic CPT trials (P = 0.513 and P = 0.062, respectively). However, within the isocapnic trial, ICA mean shear rate during CPT was higher compared with baseline (main effect P = 0.048), and an interaction effect was present in ICA mean shear between isocapnic and poikilocapnic trials during CPT2 and CPT3 (P = 0.021 and P = 0.01, respectively).
Comparing the relative cerebral blood flow responses to the cold pressor test Figure 5 displays the relative CBF responses to the CPT during both isocapnic and poikilocapnic CPT trials. When comparing relative MCAv andQ ICA responses to CPT, MCAv was elevated compared withQ ICA in the isocapnic trial (main effect, P = 0.042). However, there was no difference between the relative MCAv andQ ICA response to CPT during the poikilocapnic trial (main effect, P = 0.144). No differences were detected betweeṅ Q CCA andQ ICA during both isocapnic and poikilocapnic CPT trials (main effects, P = 0.413 and P = 0.148, respectively). In contrast, relative CCA diameter increased during CPT compared with relative ICA diameter during both isocapnic and poikilocapnic CPT trials (main effect, both P < 0.001).
Differences between males and females in response to the cold pressor test
We compared the relative physiological responses to both isocapnic and poikilocapnic CPTs between men (n = 10) and women (n = 5). Minute ventilation was not different between males and females for both isocapnic 
Figure 2. Cardiovascular responses to isocapnic and poikilocapnic cold pressor tests
Mean data ± SD for mean arterial pressure (MAP; A), cardiac output (CO; B), heart rate (HR; C) and stroke volume (SV; D). * P < 0.05 versus baseline (BL).
and poikilocapnic CPTs (P = 0.081 and P = 0.067, respectively). As expected, the P ET,CO 2 between males and females was the same during the isocapnic (i.e. P ET,CO 2 controlled) CPT protocol (P = 0.219); however, during the poikilocapnic CPT protocol males had a greater reduction in P ET,CO 2 compared with females (P = 0.019). During both isocapnic and poikilocapnic CPTs, females had an attenuated MAP response compared with males (P < 0.001 and P = 0.006, respectively). The reduction in ICA diameter in response to both isocapnic and poikilocapnic CPTs was the same between males and females (P = 0.175 and P = 0.374, respectively). However, during both isocapnic and poikilocapnic CPTs, females had an attenuated CCA dilatation response compared with males (P < 0.001 and P = 0.012, respectively). 
Figure 3. Intracranial and extracranial cerebrovascular responses to isocapnic and poikilocapnic cold pressor tests
Mean data ± SD for middle cerebral artery velocity (MCAv; A) and middle cerebral artery cerebrovascular conductance (MCA CVC; B), internal carotid artery blood flow (Q ICA ; C) and internal carotid artery cerebrovascular conductance (ICA CVC; D), and common carotid artery blood flow (Q CCA ; E) and common carotid artery cerebrovascular conductance (CCA CVC; F). * P < 0.05 versus baseline (BL). † P < 0.05, interaction effect between isocapnic and poikilocapnic cold pressor tests. Brackets between line plots indicate that a main effect (P < 0.05) was detected between isocapnic and poikilocapnic cold pressor tests.
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Discussion
Using a new, randomized experimental design, we examined the role of P ET,CO 2 in the CBF response to the CPT. Our main findings were the following: (i)V E increased during the CPT, which resulted in a marked reduction in P ET,CO 2 during the poikilocapnic CPT compared with the isocapnic CPT; (ii) the CBF response was elevated during the isocapnic CPT in the MCA and ICA, compared with the poikilocapnic CPT, but not in the CCA; and (iii) the CCA dilated to a greater extent during the isocapnic, compared with the poikilocapnic CPT, and the ICA vasocontricted during both CPT trials. 
Figure 4. Extracranial cerebrovascular responses to isocapnic and poikilocapnic cold pressor tests
Mean data ± SD for common carotid artery diameter and internal carotid artery diameter (CCA, A; ICA, B), common carotid artery velocity and internal carotid artery velocity (CCA, C; ICA, D), and common carotid artery mean shear rate and internal carotid artery mean shear rate (CCA, E; ICA, F). * P < 0.05 versus baseline (BL). † P < 0.05, interaction effect between isocapnic and poikilocapnic cold pressor tests. Brackets between line plots indicate that a main effect (P < 0.05) was detected between isocapnic and poikilocapnic cold pressor tests.
Our data emphasize the crucial role of P ET,CO 2 in the CBF response to the CPT and in the differential vasomotor regulation between the CCA and ICA. Furthermore, the degree of observed CCA dilatation during the CPT, a clinical marker of cardiovascular disease (Rubenfire et al. 2000; Treiber et al. 2003; Liu et al. 2011) , is directly altered by the reductions in P ET,CO 2 . The implications of the latter observation are that if P ET,CO 2 is not considered during the CPT, it may lead to the misinterpretation of current cardiovascular health status. 
Figure 5. Comparison of relative intracranial and extracranial cerebrovascular responses to isocapnic and poikilocapnic cold pressor tests
Mean data ± SD for middle cerebral artery velocity versus internal carotid artery blood flow (MCAv versuṡ Q ICA ) during the isocapnic and poikilocapnic cold pressor test (A and B, respectively), common carotid artery blood flow versus internal carotid artery blood flow (Q CCA versusQ ICA ) during the isocapnic and poikilocapnic cold pressor test (C and D, respectively), and common carotid artery diameter versus internal carotid artery diameter (CCA diameter versus ICA diameter) during the isocapnic and poikilocapnic cold pressor test (E and F, respectively) . Brackets between line plots indicate that a main effect (P < 0.05) was detected between isocapnic and poikilocapnic cold pressor tests.
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Effect of cold pressor test on cardiovascular and respiratory variables
In addition to increasing MAP and SNA, the CPT has been shown to activate nociceptors (i.e. pain receptors), which can potentially increase ventilation (Duranti et al. 1991) , leading to a reduction in P ET,CO 2 , and thus CBF (Kety & Schmidt, 1948) . Although some studies using the CPT demonstrated either no changes in ventilation and/or P ET,CO 2 (Thomsen et al. 1995; Zvan et al. 1998; Oblak et al. 2002; Tsai et al. 2009; Hartwich et al. 2010; Vianna et al. 2012; Perry et al. 2016) , other investigations reported increases in ventilation and/or reductions in P ET,CO 2 during CPT (Oblak et al. 2002; Wirch et al. 2006; Solaiman et al. 2014; Perry et al. 2016) . The disparity between these investigations could be attributable to differences in methodology, as there is little agreement concerning both the length and the severity (i.e. temperature) of the CPT. For example, most of the CPT investigations that report no change in ventilation and/or P ET,CO 2 used a CPT stimulus in between 1 and 2 min and reported use of a wide temperature range of 0-4°C (Thomsen et al. 1995; Tsai et al. 2009; Hartwich et al. 2010; Vianna et al. 2012 ).
In contrast, the studies that observed either an increase in ventilation and/or a reduction in P ET,CO 2 used either a longer CPT stimulus of >2 min (Oblak et al. 2002; Wirch et al. 2006; Solaiman et al. 2014) or a colder stimulus (0-2°C; Perry et al. 2016) . Additionally, there is evidence that pain intensity to CPT, thus respiratory stimulus, is significantly elevated during a 1°C CPT compared with a 5°C CPT (Mitchell et al. 2004) . Furthermore, the limb used during the CPT (i.e. hand or foot) may influence the stress response to the CPT, hence the hyperventilation response (Larra et al. 2015) . This information further informs the importance of standardizing the temperature of the CPT in future studies (Mitchell et al. 2004) . Therefore, the CPT implemented in the present study, which involved the participant's foot being submerged for 3 min in 0.5°C ice water (a longer and more severe stimulus compared with previous studies), is likely to account for the observed increase in ventilation during the first minute of the CPT and the progressive increase in ventilation afterwards, which resulted in a reduction in P ET,CO 2 . However, it is worth mentioning that the hyperventilation response during CPT was achieved through increases in both tidal volume and breathing frequency, but was not observed amongst all participants, as over half (eight of 15 participants) were 'non-responders' . The importance of the human ventilatory response to 'stress' and the role of rate or depth has been recently and topically reviewed (Tipton et al. 2017) . Importantly, the MAP, CO, HR and SV responses were found to be unchanged between the isocapnic and poikilocapnic CPTs, eliminating these variables from influencing the differential results reported between the two CPT trials. As expected, MAP increased during the first minute of the CPT and remained elevated to the same extent for the next 2 min of the CPT.
Effect of carbon dioxide on the cerebral blood flow response to a cold pressor test
In response to the CPT, with one exception (Micieli et al. 1994) , the majority of the literature reports increases in CBF within the MCA as assessed by TCD (Zvan et al. 1998; Thomsen et al. 1995; Panerai et al. 2001; Perry et al. 2016) . However, to our knowledge, this is the first study to isolate and examine directly the role of P ET,CO 2 during the CPT. Thus, the reported CBF responses to CPT to date are potentially underestimated in individuals who hyperventilate during the CPT, because reduction in P ET,CO 2 will effectively reduce CBF. In the present study, we found that MCAv andQ ICA were elevated by 13.3 ± 16.5 and 17.8 ± 30.5% when averaged across all time points, respectively, during isocapnic CPT compared with poikilocapnic CPT. Interestingly,Q CCA was not different between isocapnic and poikilocapnic CPT (main effect, P = 0.131); however,Q CCA was increased at the end of CPT compared with baseline in both conditions. Nevertheless, based on the present study, in order to reduce data variability, control of P ET,CO 2 is essential when evaluating the CBF response to CPT.
Clinically, the CCA diameter response to the CPT has been used to quantify cardiovascular health status (Rubenfire et al. 2000; Treiber et al. 2003; Liu et al. 2011) . For example, in response to a CPT, the CCA dilates in healthy individuals, but constricts in participants with evidence of cardiovascular disease (i.e. atherosclerosis); therefore, the CPT can be a useful approach to detect early signs of cardiovascular disease (Rubenfire et al. 2000; Treiber et al. 2003; Liu et al. 2011) . Similar to previous reports in healthy humans, we found that the CCA dilated during both isocapnic and poikilocapnic CPT trials. Importantly, however, the observed CCA dilatation was greater during the isocapnic trial compared with the poikilocapnic trial. The mechanism(s) of this difference is likely to involve subtle factors, such as inherent sensitivity of the CCA to reductions in P ET,CO 2 , resulting in a mild attenuation of the blood flow and/or shear rate response to CPT during the poikilocapnic CPT trial; however, future research is required to elucidate these mechanisms. This finding further underscores the importance of controlling P ET,CO 2 , because if uncontrolled, the CPT test could lead to misinterpretation of current cardiovascular heath in an individual.
Extracranial cerebral blood flow response to the cold pressor test
For the first time, we have compared the cerebrovascular response to the CPT between the CCA, ICA and MCA during the isolation of changes in P ET,CO 2 . In support of our hypothesis and previous reported data, the CCA vasodilated during the CPT (Rubenfire et al. 2000; Treiber et al. 2003; Liu et al. 2011; Fluck et al. 2017) ; however, contrary to our hypothesis and previous reports (Fluck et al. 2017) , the ICA vasoconstricted during the CPT. The disparity between these two studies could be attributable to the following factors: (i) methodological differences, as the CPT was administered in the supine position in the present investigation, compared with the semi-recumbent position (Fluck et al. 2017) ; and (ii) higher statistical power in the present study (n = 13 versus n = 10). The CCA vasodilatation and ICA vasoconstriction were consistently observed during both isocapnic and poikilocapnic CPTs, and the reason for the observed differential extracranial vasomotor response to CPT remains to be elucidated; however, there are at least four possible mechanisms that could be responsible. First, it is speculated that there is differential adrenergic receptor density throughout the cerebrovascular tree in humans (Brassard et al. 2017) . Increased SNA outflow during a CPT releases noradrenaline onto adrenergic receptors located on the smooth muscle cells of the blood vessel (e.g. CCA and ICA). The local vasomotor response of the blood vessel to SNA is largely dependent upon the density of both α-adrenergic (activation results in vasoconstriction; e.g. α 1 -and α 2 -adrenoreceptors), and β-adrenergic receptors (activation results in vasodilatation; e.g. β 1 -, β 2 -and β 3 -adrenoreceptors; reviewed by Brassard et al. 2017) . Potentially, during a CPT in healthy individuals, β-adrenergic receptor activity outcompetes α-adrenergic receptor activity, resulting in vasodilatation in the CCA. Although it is unlikely that the CPT selectively activates β-adrenergic activity on the CCA, the contribution of α-and β-adrenergic receptor activity to the CPT is currently unknown in the CCA and ICA, and this should be addressed in future studies (Brassard et al. 2017) .
Second, a differential myogenic response to the CPT between the larger and smaller extra-and intracranial vessels could explain differential responses between the CCA and ICA to the CPT. The cerebrovasculature is capable of responding to mild changes in blood pressure via vasoconstriction during increases in MAP to dampen increases in CBF, and vasodilating during decreases in MAP to promote increases in CBF (Willie et al. 2014) . In response to a CPT, which elicits a substantial increase in MAP, the ICA might be more responsive compared with the CCA. Third, differences in shear stress between the CCA and ICA, and potentially therefore release of vasoactive agents (e.g. nitric oxide), could explain our findings; a recent study has demonstrated that the ICA is more sensitive in responding to shear stress compared with the CCA (Carter et al. 2016) . However, our data indicate that a shear stress-related mechanism for the differential vasomotor response between the ICA and CCA is unlikely because the ICA had a greater shear stress response, yet it vasoconstricted.
Fourth, structural differences (e.g. smooth muscle and elastic tissue composition within the vessel walls) between the CCA and ICA could be responsible, in part, for the observed differential response to the CPT. There is evidence that there are structural differences between the CCA and ICA, with the CCA being more compliant compared with the ICA (Canton et al. 2012) . Taken together, the specific mechanisms of CBF regulation between the CCA and ICA during a CPT remain unclear, and further work is required to elucidate these mechanisms.
Differences between males and females in response to the cold pressor test
Although not the primary research objective for the present investigation, we compared the relative cardiovascular, respiratory and cerebrovascular responses to the CPT between men and women. Emerging evidence suggests that there are clear sex differences with regard to autonomic function (Joyner et al. 2016) , which could lead to a differential response to the CPT. Our respiratory data indicate that females are less responsive to the CPT compared with males; for example, both P ET,CO 2 and ventilation (P = 0.019 and P = 0.067, respectively) during the poikilocapnic CPT were altered to a lesser extent when compared with males. Interestingly, in response to both CPT trials, the MAP response in females was approximately half that compared with males; an observation that agrees with some (Kilgour & Carvalho, 1994) , but opposes other reports (Moro et al. 2011 ). An intriguing finding was the reduction in CCA dilatation observed during both isocapnic and poikilocapnic CPT in females compared with males. These results could be explained in several different ways; however, they are most probably attributed to either (i) the observed differential increase in MAP in response to the CPT or (ii) differential autonomic regulation between males and females (Joyner et al. 2016) . It is worth noting that the pain response to the CPT has been suggested to be lower in females compared with males (Mitchell et al. 2004) ; therefore, this could also contribute to the differential responses between sexes, because CPT-associated pain is a primary mechanism for increases in ventilation, hence reductions in P ET,CO 2 . In contrast to the CCA, we found that the ICA vasoconstricted to the same extent between males and females. Although these differences between males and females are intriguing, these findings should be interpreted with caution because of the low number of female participants included in the study (n = 5). Further research is required to elucidate the mechanisms that underlie the potential sex differences in response to the CPT.
M. M. Tymko and others
Methodological limitations
As previously mentioned, in terms of measuring CBF in the MCA, we assessed MCAv via TCD as a surrogate for CBF, with the assumption that the cross-sectional area of the insonated vessel does not change. Despite previous demonstrations that MCA diameter does not change during physiological stimuli (Serrador et al. 2000) , more recent studies suggest that hypo-and hypercapnia may in fact elicit changes in MCA diameter (Ainslie & Hoiland, 2014; Coverdale et al. 2014; Verbree et al. 2014) , including with rhythmic hand-grip exercise (Verbree et al. 2016) . However, in addition to measuring MCAv, we also measured CBF in the CCA and ICA, which provides a more accurate measure of cerebral volumetric inflow (Willie et al. 2012; Thomas et al. 2015) .
Conclusion
Using a new, randomized experimental design, we have compared the cerebrovascular response to the cold pressor test between the common carotid artery, internal carotid artery and middle cerebral artery during the isolation of changes in end-tidal carbon dioxide. Our data emphasize the crucial role of end-tidal carbon dioxide in the cerebral blood flow response to the cold pressor test and in the differential vasomotor regulation between the common carotid artery and internal carotid artery. The primary mechanisms responsible for these differential responses and the potential clinical applications remain to be clarified.
